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Summary

Tests have been made tc establish whether a pitot reke could be used as an
sbsolute measure of the thrust of a jet engine on the ground end in flight,

The tests were made to investigate errors due to the assumptions inherent in
the single pitot method of estimating thrust in flight, and to establish if n
rake can be used to calibrate the single pitot of an uncalibrated engine installed
in an sircraft. The tests were also plamned to check the generally accepted
non=dimensional thrust relationship for jet zngines.

The tests were made on Derwent 5 engines installed in Meteor 4 aireraft,
The tests covered a wide range of flizht conditions and included test bed
measurements on bare engines and later, measurements of exit static pressure.
Althourh the tests could not all be mede on the same cngine, the same final
nogzle was used in all the msin tests,

The main conclusions were:-

(1) Static tubes rust be incorporated in the pitct rake to give
abgolute thrust messurements and even so a discrepancy of 2% requires
further investigation,

(2) The single pitot rethod of estimeting flight thrust based on engine
test bed calibration was in error by as much as 6% due to changes in total
pressure sampled by the single pitot and in the magnitude of the exit static
prossure between calibration and test conditions,

Using the pitot static rake to calibrate the single pitot of an installed
engine introduced flight thrust srrors no larger and possibly smaller,

(3) Non~dimensional thrusts at 35,000 ft. were some 7% lower than
corresponding thrugts at 5,000 f+,

Purther tests are required to establish the mugnitude of these effects on
othar engine types.
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3.
1« Introduotion

It is desirable in all flight performance tests on turbo jet aircraft to
. measure the engine thrust. This is required firstly to check that the engines
are in flight developing the thrust which is expected, and secondly the thrust
is required so that the aircraft dreg can be obtuined from the performance
equation. Such routine thrust messuremsnts are desirable beceuse differences
ir thrust between nominally identical engines, and even differences in thrust
during the life of a particular engine cannot be neglected.

The desirable requiremants of any method of thrust measurement to be used
at A& AE.BE, ere es follows (Ref.1).

(1) The installation muat have a known or neglizible effect on flight
performance, sinee the performenoce of a standard eircraft is being deelt with.

(2) The method should have an aeouracy of + 1% if possible,

(3) The installation must be capable of retrospective embodiment, without
me jor modification, in any type. Test bed calibration of en engine, as in
the single pitot method, would come under the category of major modification,
sinec test aircraf't may arrive at this Establishment with en uncalibrated
engine fltted.

(4) The additional instrumentation required should not preelude the use
of the normal performance automatic observer in an aircraft in which space is
iimited,

(5) The method should preferably give s direct measurcment of the gross
thrust and not involve considerations of thrust on engine bearers, since
redtroapective embodiment would be very difficult and also accurate measurements

_ of air intake effiociency would be necessary (Ref,2).

(6) It should if possible be suitable for use with reheat.

The normal method used to date to measure jet thrust in flight has been
the well known "single: pifot" method (Ref.3). This method meets requirements
+«1, 4L and 5, but it has the dissdvantages firstly that its ascuracy is not known
precisely due to lack of information on the assumptions inherent in the method,
and seoondly that full test bed thrust calibrations are required for each

engine used for performence flight tests,

To overcome these shorteomings of the single pitot method, it was decided
to investigate the assumptions of the method, and to try to develop a simple
method of calibrating the sirgle pitot which would be independent of test bed
tgasurements,

It will be convenient at this point to re-examine the basig of thrust
measurement by momentum methods, and in particular point out the assumpiions

mede in the single pitot method, This has been done more fully in fppendix 1
to which reference should be mede for details. :

The basic equation for nett thrust in flight is

\'s v
XN 2 -~ Mogo + M6g6 .;.(PG-PO) Ag , ..-......-(1)

where only the internal flow through the engine, M, is oonsidered, and the
plane 6 is chosen where the static pressure is zero for subsonic jets, or
glternatively where the throat occurs for supersonic jets. (Ref.h).

sumilarly the gross thrust in flight, on the ground or on a test bed is
_given by
MeVe

X = z

+ (Pg = 25) 44 cerreniese(2)

/end for,.
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Lt Et bed
and for the test bed X = xT the thrust measured on tne/e hrust meter,

In flight it is necessary tc meke nsssurements at the jet exit in order to
define the internal flow bcundaries, Assuming that mixing losses between
plane 5 and 6 ere negligible the expression for gross thrust is then

r .

1oL : As

PEC 2 ; - 5 - esssvarr e

X = ('-6 b vg® + (Pg = P) 4s S (3)
-— !

and 211 quantitiea in (3) can be calculated given the total amd static presaure

at the jet exit,and z2ssuming isentropic flow from plane 5 to 6,  Thrusta
would be estimated from equation (3) from pitot static rake measurements.

If the assumption is made that Pg = Pg i.e, that the Vena contracta
or throat occurs et the jet exit,

\J
Then X 33_'[_5%2 + (P5 = Py) Ag evesaveanc{ly)
from which
X H
iojxs = F1 (Pi) ..---,...9(5)
o

where Fy is known (see Bquation /. of Appendix 1)

Thrusts would be oalsulated fram Bquation 4 fiom measurements with a pitot
ke,

In all equations (1) to (5) it is assumed that an integration over the
integnal flow eross section will be made if conditions are net uniform,

In the single pitol method a further assumption is made that
H

-& - F2 (1&)
< P,

where H, is the single pitot total "'ttt (6)

5 pressure
and gombining (5) and (6) gives
X
vl (;—%) Fy (‘f,‘g) TS )

H Xp X
A fes} bed galibration provides measured values of ?l‘._ and pg = p~ from
o o

H
which the effective area Ap' = AgFz (P&) ig determined, and hence equation (7)
)
is ugsed to deterrine gross thrusts in flight,

To summarise, the assumptiorsin the single pitot method refer to flow
conditions in the final nozzle exit and are:=-

(1) The relation between 1?5- and gﬁ i.e, the total pressure distiribution
) o

is the same on the test bed ard in flight.

(2) The relation between ;;2 and gl.t , i.e, the final nosgzle stctic

o Q
pressure i1s also the same on the test bed and in flight,

(3) It is necessary to extrapolate values of Ag! cbtained on the teat bed to

8
higher values of pressure ratio %‘1 enly obtainable in flight.
o

/Measurenents. .
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Measurerments have therefore been mede of
pressure in the finel rczzle of Dersent 5 enzing
eircraft beth on the arcurnd 2rnd in fli=nt, and

N test bed, The messuremerts were itede usiny pi

lled in 2 “Otc“r 4
a

It wes thought thnt il thke rake method roved successful as an
absolute measure cf thrast, it could b i {¢ zalibrate the sinzle pitot on
the zrocund without rneed for test bed m ments, The tzsts were also
designed %o check now closely Shrusts measured i t by the rake, ngreed
with the gererzliy asswsed non-dirensicnal rel

p
o
=
g
it
o

The tests were first planned to investizate total head distribution chenges
using pitot rzkes. The importance of the qt t ¢ pressurc assumnptions was
realised later ard separate measurements of tic rressures had to be made on
ancther Metecr &4 aircraft, This hes "0';l_u3+c" the analysis ¢f results,

e ———

Ir fact the tests rede fell into the fcllowing threc rhases:=

Phase 1, Engine in sircraft. Tezts tc measure tcotal pressure 2t the
single pitot and pitot raxe, both static cn the zrcund arnd in fiight,

AT

Phase 2. Enzine on test bed. Heasurenents of thrust by bzlance and of -
single pitolt and pitct rzke total pressure. Tris revealed a discrepancy '
between tre thrust measured on the test bed balance and thrust calculated |
from the razke tctal pressure reedings which was ascribed tc the jet not veing I

fully contracted =t the finsl rezzle es is assumed convertionally in cal-ulating
thruat from pitot rezdinas,
Prase
rnese 3. Bngine in aircraeft, As 2 resuls cﬁ/2, measurencrnts were made
of static pressure 2t the ‘inal nozzle repeating Prase 1 ground ard fiizht fest
condi tions. These values of static vressure erabled e correcticn to be applied
te the thrust =stqﬂateu from the pitct comb in Phase 1 tests,

Peregrephs 2, 3 znd L describe in detail the tests in Phase 1, 2 and 3
respectively. The combined results are then discussed in paragrapn 5.

2, Phase 1 tests. Totzl hcad mecsuremcrts encine installed in trhe aircraft

The Phase 1 tecsts were undertaker: tc sbtain a cempariscn tefveen tnrusts
measured usins single nitot with = test bed effective area calibration, znd
the thrust obtained airectly frosm a total pressure traverse at the fin2l nozzle
exit using a pitot rake, The tests were alsoc planned te give information on i
the suitabi1itj of caliprating a single piteot agzainst 2 pitot rake durins greund
runs of an cngine installed in an alrcraft, and to creck the validity of tne
non~dimensional relationship between nonw-dimensional thrust X/r and h/\/_ by a
compariscn of thrusts measured over as wide e reage of altitude as pessible,

When the tests were started it was thouszht that flow distrizuticr changes
with variation ir fliznt Mach nurber, Reynolés numter and eltitude would bte
the main source of errcr in thrust estimeted from sinsle pitot orassures and
the tests were planred to show up such changes. It was later appreciated
that departures in the static pressure at the finsl nczzle exit frem <ne valuus
normally assumsd cculd rot be negiected,

in this acccunt of Phase 1 tests only measurements cf total head will
therefore be ‘iiscussed, and the fully corrected thrusts estimeted from the
Thase 1 total head results ené the static measurements of Phase 3 tests will
be discussed in pareszraph 5,

2,1 Deszription of aircraft

2.1.1 The 2ircraft used for the Fhese 1 tests, Xeteor KA 420, was
a producticn snori sparn leie :

/The rireraft..

___ﬂ______i




£

e

The sircraft was flowm with 2 180 gallon ventral tank fitted, at & nommal
take~cff weight of 16,020 1b. he starboard guns were romoved to rake room
for & cressure selector Licchanism,

Since cn the flisht tests the pert enzine was set te give the correct
intake rem conditions on trne starboard test ensine, the weight and aerodynemic
condition of the aircraft were of no sinificarce prcvided the required speed
snd sltitude could be maintained, It isg shown later (2.5.5) that %he

variation of intake efficiency with incidence was very amall,

2.1.2 Engine details, Metecr EAL20C was fitted with two Derwent 5
engines, Nos, 4044 and 4LC45; all Phese 1 test measurements were made on the
latter enzine. Prior tc the tests the engines were fully calibrated by
Messrs, Rolls Rcyce on a test bed with their flight jet pipes and single
pitcta, On installation in the aircraft tne machined finel nozzle on the
test engine wes replaced bty one to which the reke attachments were fitted.

2,2 Instrumentetion

2,2.1 Pitct reke, In order to reduce blockaze of the final nogzzle
to a minimum the Take body was made as small es wes consistent with stiffness
(13" chord x 3"} and was positioned 31" Dehind the plane of the finzl nozzle,
into which the 10 pitot tubes vrojected, Fiz,2, The pitots, spaced as shcun
in the figure, were §" 0,D. 22 8,W.G. square ended tubes, sleeved over 2/3
of their length, Stainless steel was used for the tubes, and all parts of
the rake and attachment brackets. The rake body was bolted to brackets on
the final nozzle rinz which could be attached to the jet pipe in various
positions giving different diametrical positiocns of the reke (Fig. 1).

The attechment brackets were ziven a 5° clearance from the firel nozzle

to clear the jet stream, The temperature of the rake measured at maximm
revs, on the ground, using therm ivdex paint, was 50C°C,  The pitot tubes
were brought down the tody of the rake to the ocutside of the jet pipe, where
they comnected individuelly with copper tubinz leading to a pressure selector
in the starboard gun bay,

In the course of the tests an adjustatle pitot tube was fitted close tc
the final nozzle wall so that the boundary layer thickness could be measured,
This tube was comected directly tc a pressure zauze in the auto observer,

The frontal arez cf the pitot tubes and of the rake LodyWere 0,06 and 3
ver cent of the final nozzle area respeotively.

2,2,2 Selecter, Since nc space was available in the auto observer
for a separate gauge for each vitct, a selector was used to relay the pressure
from each tube in tumm to a single oressure gauge, The selector, & Relay Box
Mk.5 (Ref, No, 6K/23) was controlled by an e.sctric timing switch which when
activated selected each pitct ir turn to the gauge for half a second, At the
end of this period a thotograph was teken autcmatically in the auto observer.

A delay of a quarter of = second between eacih: selection gave a total cycle time
cf 10 seconds. The switch wes desigred to coemplete three such cycles befcre
snutting off; & doll's eye in the auto cbserver marked the beginninz of =sch
cycle.

During the initial stages cf the tests a2 pressure gauge in the observer
wea permenently connscted directly to tube Ko.? to creck that there was
sufficient time for the pressure in ike selector gauge to build up to give
the correct pressure readinz on this tube. This was verified during initial
test {light, ond if wes assumed that the pressure in the otrer fubes (tubes
were identical to Ko.t1) was elso being correctly recorded.

/2.2.3
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2.,2.3 Ctrer instrune. tation, The =utonatic obssrver centaincdl the
3

following inatrunents: . :
LS. I
Altizcter.
®,8.I, = Pert and starboard ernzines.
Jet pipe thermcmeter - Port and starbozrd engines.
A.S.I. connected te total kead rinz in the starbeard nazelle. Tals rirg

nad hcles facing fore ard aft, and neglecting velocity offects in the
plenur: chamber, gives 2 mean plenum cherber total pressure.
Differential pressure zaumes ccornected tc standerd pitot and static
pcsitions in jet pipe, and 45 rake selector switch.

Clock.

Tae pilot read the 2ir temperature by means of a balsnce briige thermcmeter,
and aiso the fuel flowmeter. )

2.2,4 Pressure gauges. The pressure gaures used for this work wers
differentiel gauzes using the aircraft static as = datum. - The range of the
instruments was -3 tc-+20 ib/su.in.  The ranges actually covered with the pifst
tubes during the tests were:

Grouné run 2,3 = 10 1b/sq.in,
5,000 ft,. runs. 2.4 = 12 1b/sq.in.
40,000 ft, runs 1,8 - 4,3 1o/sq.in.
The zccuracy end suitabilitf,r of these _;;au.geé is diécuswd

in Appendix 3,

2.5 Outline c¢f Phase 1 tests

2.3.1 General, The vrosramme was chcsen tc zive a camparison of
the thrust estimated frcm the sinzle pitet® ené from the vitot rake readinzs
cver as wide a range of operating ccnditions as could be cbiained sutject te
enzine and airframe limsitations, The measurcrients were nzde with the Take
in positions designated A, B, and $ which are shosn in relation to tne final
nczzle in Fig 1, - ) ’

2,3.2 Proxzraime of tests

) Ground tests. Readirzs were taken of the single pitct and pitot rake
with the engine runmnz al stabilised r.z.m. under static conditions when instolled

in the aircraft on the ground. The aircraft wos stending normally cn its wheels,
and the tests covered the full r,vp.m. range.

- Flight tests. counlete set of measurements was mede at .each of

I
- Fis
the conditions showr in Teble 1.

/Table 1

Besed on tes® bed czlibrztion
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Takle 1

! ' | : :
| altimeter v/ Sog kts. | M N /& ;
| i ; 10,000 = 15,500 .
{ Ground run ; ! ' by 500 intervals
I ] [ H 3250 ;
. i | 16250 :
' 5,000° I 260 D3 11250 i

! : L ! 12250
] r ! . 11250 K
| 5,000 ! 412 I,623 13250 !
i , W 14,250 %
i | '*; i 11250 '.
|uo,ooo I | [ 1225¢ !
or I L2 l.623 13250 !
5,000" ! .= | k250 |
; i , 13250 !
| 40,000 ; | | 4i250 |
or ; L77 1.722 15250 |
35,0001 : ! i 16250 :

1t will De seen that this programme gives measurements over e common range
of N/ /8y =2t the seme Vi/./p,, at two extremes of altitude.

It wes originelly the intention to include e set of measurements et
25,000 feet, but these were omitted after the {irst rake pcsition measurements
had been made ns it was evident that flying time on the celibrated engine would
be runring short tefore the prograrme was campleted.  For this reason it was

also necessary %o omit some of the readings at Vi/ /P, of 260 =nd 477 in order
to ensure a complete range at the Vi/./p, of 412 kno%s.

After completion of the programme at the first twc rake pcsitions it was
found that at 40,000 feet the required indicated airspeed could not be obfained
at the lower r.p.m. with the port engine at rax. r.p.m. Since no engine
deterioration was evident, this charge in performance was ascribed to airframe
deterioraticn, The higher altitude tests were therefore ccmpleted 2t 35,000
feet,

2.3.3 Flight test procedure. To complete each thrust messurement,
( which invoIved integration of pressures at three comb vesitions) three runs
at the same velue of Vi/ /po and N/ /6y had to be made on three flights, so
that it was importent for the pilot to hold stealdy level ccnditions at the
selected values of V3/ /p and N/ /8y, The pilct therefore had first to
measure outside air temperature at a specified A4.8.1. He then had to adjust
the  startoerd enzine r.p.m, {on whicih the thrust messurements were nade) to
give the correct value of N/\/§;'which he read off 2 card azainst indicated
eir temperatures, while controlling V;i//p., at the required value by
adjusting the port engine r,p.m.

#hen stabilised flight conditions were obtained th

they hed to te held fo
some 30 seconds for the phetogrephy of three cycles of the

the camtk pressure.
2.4 Results cf Phnse 1 tests., The results of the single pitot thrust

celibration of the bere engine No,LO45 on 2 Rolls Royce test bed made pricr
tc installation in the eircraft, are given in Teble 6 end the resuliing
effective area Ap' is plotted egainst Hy/Py in Fiz.3. This figure zlsc
srows the ratic

Hy, Single pitct preasure

It

Mearr  *tal head tased on weiphed thrust

/The measurements,.
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The measurements made on the same engine instelled in the eircraft in both
geound and flight tests are given in Tables 2 to 5 where the results for each
rake positicn are tabulated separately. All meesurements ars corrected for
instrument errsr, and speeds ard altitudes for pressure errcre In orxder to
assist caoparison of results at different rake positions or 2t dilferent
altitudes, flight total pressure neasurements intended to be at the samne ram
ratio or Mach number but ectually measured at slizhtly different Mech numbers,
are also quoted corrected tc a common Mach number by the method ziven in
Appendix 2,

Tables 2 to 5 also show calculated velucs of thrust but theae will be
discussed in pera,5 since the results of Fhase 2 and 2 are also concerned,

Typicel distributiocrs cof total vressure across the final nozzle are shown
in Fig.hk. The totzl pressure distributicn in the boundary layer in the gzround
s was measured but these pghown for flisht condit e derived from the

. ground level results at the same/Mach nurbers, Tc%g%%iu%%ﬁbution measurerents
ir the boundary layer in flight could not be made due to difficulties in
accurately locating the probe under prolenged conditicns of vibrationand heat.

Fig.5 shews non-dimensional thrusts based on reke measurements® plotted
ezairst N/ /@9 for the three rake positions end includes = later repeat run.

A campariscn of single pitot pressure I, and mean rake total pressures H5
for ground and flight tests is shown in Fig.6.  Hg was obfained by meaning raks
total pressures cn a momertum basis. No differentiation tetween the three
rake positicns is shown in Fig, € because Pig.5 demcnstrates that the thrust
and hence the mean total head from the three rake positions are in very gocd
sgreement, To indicate the effect of tctal kead changes cn calculated thrust
Fig.6 elso shows the derivative H 2 X , based on the conventional total

X:*H
pressure thrust relationship., (Equation 2, Aprendix2),

r
Measured fligh%}intake efficisncies based cn readings of intake rinz
pressure zre plotted zgainst ’\:/,/51- in Fig.7 (=% the Mach number selected
for a check of the enzine thrust non-dimensional relationship at 5,0CC ard
35,000 feet), to check that intake conditions at the two heights are not
materially affected by differences in irncidence and gideslip engle.

2.5 Discussion ¢ Phase 1 results

2,51 Initial test bed calibration, The effective area cf the final
nozzle as defined in Agpendix 1 shows the normal appreciable varizticnwith engine
pressure ratio,

2.5.2 Enzire deterioretion creck. The single pitot measurements mede
at the first and last positions tested are in very zccd esreement and vrovide a
eheck that ne siguificant thrust detericration took place durirng the Phase 1
tests, which covered the pericd July = December, 1950,

In e3dition, repest runs for reke position B (Fis,5) are in good agreement,

2.5.3 Total pressure distribution. The total pressure distribution
at the finzl nozzle exit shown in Fig.4 is comparatively uniform and shows
that the central weke from the conizal fairing behind the turbine wheel has
become fairly widely distributed, No trace could be detected at any of the
rake positions of a wake frem the four struts supporting the conical fairing.
It is also significant that the thrusts estimated from the three rake positions
(see Fiz.5) were in very good agreement showing that the mean total preasure
from the three pitct reke traverses must also agree closely. Fer this
particular engine and jet pipe installatior it is therefore seen that cne
pitot rake traverse would give an adequate sanple to estimete thrust., 4
check for cther installaticns wculd of course be necessary,

/1% is.,

¥ static pressure ccrrections based on Phrse 3 testis have been included,

¢ e e s i e it e 8B
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It is considered that the digfd%eﬁ;nces in RKeynolds number between ground

and flight conditions would have a/ éffect on the boundary leyen and eny small

inaccuracy in the {light boundary layer derived from ground test results, would
have a negligible effect on flight thrusts estimated from the reke,

2.5.4L Comparigen of ainzle pitot and mean reke total pressures,
The results shown in Fig,6 indicate th?,t. there is same change in the ratio=-
with change in test conditions, Thus 4 at the higher pressure ratios isf5
Hg aimificantly higher both under ground

installed conditions and at 35,000 feet than at 5,000 feet,  These differences
due to changes in total pressure sampled by the single pitot are equivalent to
changes of thrust of the order of 3%. The relationshlp between the measured
points and the derived test hed curve of ™z, 5 will be discussed in para.5.

2,5.5 Air inteke sfficicncies, Fig.7 shows thet eir intake efficiencies
at M - .62 at 5,000 and 35,000 £t. do not differ by more than 2% which would be
equivaisnt to an increase in thrust at the higher altitude of the order of 3%
under th=se conditions, Thus the comparison of thrust at the two heights
required for e check on the non-dimensicnel relationship will not be vitiated
due to the effects of incidence ard sideslip on air intake efficiency.

3. Phage 2 testa, Teat bed measure;zents on bare engine with pitot rake

3.1 General, In order to check the validity of the rake thrust ; as
being an absolute measure of thrust it wes required to compare test bed
thrustmeter readings with the thrust derived simultaneously fram the rake
total pressure measurements, It was also required t¢ check that the presence
of the rake was not affecting the engine operating conditicns through bleckagz
of the final nozzle, Tests to this programme were made by Rolls Royce whose %elp
in this matter is acknowledged.

Tests were made cn a Dexwent 5 enzine which wag run on the test bed, with
rake fitted and rake removed, under otherwise identical conditions.

3.2 Descripticn of test bed and instrumentation, The tests were made on
a Rolls Royce Sinfin production type test ted which was equipped with a detuner
gilencer and a thrustmeter of the weighing type. The engine used for the tests

‘%as Derwent 5 Nc,3381.

The rake, single pitot and final nozzle static pressures were measured on
mercury manoneters, Normzl test bed instrumentation was used for other engine
measurenents, the engine r.p.nm, being set with a stroboscope.

Statlic pressure measurements were msde near the exit o the final nozzle
on four wall statics fitted at 90° statioas; these consisted of %" 0.D. steel
tubes brazed into holes in the final nozzle ring, the tubes being machined
flugh with the inside of the nozzle, They were lccated es shown in Piz,1.
The reke was otherwise as detailed in 2.2.1, (Phase 1).

3.3 Tests carried out

The following tests were made:

(ig Full rating run with flight nozzle end rake fitted
(ii " 1] " 1 " " ” n removed,

In sach case full engine measurements of thrust, r,p.m, temperatures and
pressures were rade, and in (i) rake total head measurements were taken.

3.4 Results of Phase 2 tests

The relevant results are given in Tables 7 end 8, In Fig,8
the thrustmeter measurements for runs (i) and (ii) and the thrusts X; derived
by the conventional tofal pressure~thrust relationship, Equation 2 Appendix 2,
from the rake total pressures in run (ii), are illustrated.

/Fize ..

X
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Fig.9 shows the jet pipe temperatures and the single pitot total pressure
values for the two rune.

The menpn difference between test bed thrustmeter meesurements X, and
those derived from the rake total pressure values X, measured si.:ml%aneously,
is €% above 11,000 r.p.m. Teble B,

3,5 Discussion. Part of the difference between Xq end X, of 6% can
be attributed to the drapg of the reke which iz included in the thrustmeter
measurements.

Reke draz = dirference between Xp, reke on end off,
plus rake interference on tnrust.

The difference between Xgq rake on and ofr taken from Piz.8 is 2%, The
interferonoce of the rake cen be estimated from the single pitot readings rake
ori and reke off, Fiz,9, The chenze is small ard is not much zreater than the
eceurecy of measurement, However the change is siznificant end smounts to
about & per cent increase in thrust due to the presence of the rake at higher
TePslle This increase is confirmed by a wvery small increase in jet pipe
temperature between the two runs,

at the

Thus the rake draz will be 2%,%, giving a drag of 90 1b,/choke =t I.C,ALN.
ground conditions. This is a reasonable figure for a body of these dimensions
and chord thickness ratio of 4,3,

Since the reks would be exvected to give (thrustimeter readinz + reke drag),
the discrepency between actual and expected rake thrust is 3% per cent.

Tnis discrepancy has been verificd by rzpeat tests on another Derwent
enzine, and = discrepancy of the seme order otserved on an axial type engine
{unpublished data),

An investization indicated that the static »ressures at the final nozzle
might differ sufficiently from the assumed theoretical values to cause this
discrepancy, ani FPhase 3 tests to measure these stetic pressures were therefore
put in hand,

Lo Phase 3 teats. rinal nozzle exit static pressure measurerents on engzine
. installed in 2ircraft

4,1 Introduction. In the Phage 1 tests only finsl nozzle exit total
pressure measurenents were made on the assumption that the finzl nczzle static
pressure wes uniform and equal to the theoretical value, - Fhase 2 tests showed
thet there wes a discrepancy between the pitot rake thrust derived on this
basis and the balance thrust, which was ascribed tc this assumption rezardinz
static pressure teing incorrect.

It was therefore decided to moke measurements of the final nozzle static
pressure under the same grourd and flizht conditions used in Phase 1,to checlk
the magnitude of this effect and to eneble a thrust correction for the actunl
static pressures to be derived.

At this stage it was not possible to make the static measurements on thc
same engine or aircraft as neither were available, The original flight fin~l
nozzle camplete with rake wes therefore fitted to ancther Meteor 4, and some
checks on engine to engi.e final nozzle static pressure variation were also
obbained.

For the sround and flight measurements of static pressure the static
sources used were a static head fitted in place of the centre nitot on the
rzke and two woll statics.  Measurements were initially made only at the
centre and wells since it wus thousht thet any swirl in the jet would adversely
affect the accuracy of a static head at any other position, 2and in any case
an aopreciable departure from the theoretical static pressure wos not expected.

/Tke rake,.
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The rake centre static was calibrated agzeinst static pressvre measurements
made at the well of a long *tube suspended alon~ the jet pipe axis during a
ground run,

When the initial ground and flight tests had been completed it was found
that there was o considerable difference in the static pressure et the centre
and the wall of the final nozzle, ard that it would be necessary to kncw the
approximete static pressure distribution vetween these points to establish
the required correction. The rake was thei-:fore acdified by the replacement
of two more pitots by static heads, =t -unvenient rediiy and a final ground run
mede to measure the static pressure at these points.

i e

It wes appreciated that the accuracy of these latter static heads was
likely to be affected by any swirl in the jet flow, but great accuracy was
not required since the exact distribution of static pressurs had a2 small
I effect on the correction. No figures of the swirl likely *o be encountered

woiT dVd.L.L&U.LE.
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4.2 Description of instruments

: 4,2,1 Long tube for calibratinz reke central static, In order to

‘ measure under ground runninz conditions the true static pressure at the centre
of the final nozzle, for celibration of the rake centre stetic, a lonz tube
was suspended along the axis of the jet pipe. It was suspended between the
eentre of the turbine exhaust cone ani a support downstream of the final nozzle
(see Fiz1). The tube was stainless steel of 3" 0.D, and was 102 inches long.
The upstream end was sealed, and was welded into a hole at the apex of the
turbine cone, The dovnstresr end ran through a sleeve in a streamlined
gtainless steel strut which was bracxeted to the final nozzle, . compression
spring between the downstream edge of the strut and a rrasher ninned to the end
of the tube kept the tube in tension, The strut was 1} inches thick, having

a 3% inch chord, The leading edge of the strut was located 15 x strut thickness
downstream of the two 1/16" D static holes drilled in the tube at the plane of
the finel nozzle, This distence, 22% inches, was chosen as siving nezligible
interference at the static holes upstream (Ref, 5).

A differertiel pressure geuge wes connected to the tube which, apart from
the static holes, was sealed.

The corpression spring wes found to lose its temper during the ground
running but the tube was sufficiently stiff to remein steble and without
vibration except for a period between 12,000 and 13,000 r,p.ri.

The tube was a unit with its turbine exhaust cone and in order to fit or
remove this unit the engine had to be removed from the eirframe,

4,2,2 Reke static, The static heads fitted to the rake were 3/16"
in diameter and had a hemispherical head, The distance from the two 1/16"
diameter static holss to the head was five tube diameters, Fig,2.

The two wall statics used were¢ as described in para,3.2, and were on a
diameter at right engles to the rake diameter,

The initial calibration and flight measurements were made on the wall ani
central statics; for the final ground run two additional stetics were added |
to the rake at radii of k and 6 inches. The same correction factor was used [
for these heads as was derived for the centre static head. ‘

A1l static pressure measurements were made on differentiel pressure
gauges (=3 to +20 1b/sq.in.).

4.3 Qutline of tests

4.3.1 Geners c.... The aireraft used for these tests was Meteor RL.438;
the condition of The eircraft was not relevant to the tests,

/The engine..
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The engine used for the celibration of the single pitot sgainst the lonz
tube was Derwent 5 No.L166. The grcund end flight pressure measurements were

made on Derwent B No..4905. The Mark 8 differs mainly from the Mark 5 in the
material of the rotatinz guide venes, Other differences are external and
there is no relevant charze of nominal thrust or internal yseometry.

4.3.2 Calibration of rake centre static. With the lonz tube fitted a
ground run wes made through the moximm r,p.m. range obtainable, Readings of
static pressure were taken on 2 differential pressure zeuge connected to the

long tube,

To reach as high a ¥ach number as possible in the final nozzle a2 concession
to operate up to 15,250 r,p.m. had been obtained, subject to temperasure

limitations, but 14,900 were the meximum =chieved.

With the long tube removed end the rake fitted, the ground run wes repeated,
throush the same r.p,m, range. The static presgure at the centre static was
recorded on a differentisl pressure gauge,

%4.3.3 Flizht neasurenent of final nozzle static pressures, The static
pressure at the wall and centre of the finel nozzle end the single pitot total
head reading ware recorded at each of the flight conditions ziven in Table 1.

4.3, Ground measurement of firal nozzle static pressures, On
canpletion of the flight tests the rake was modified by the addition of two more
static heads as described in pare.h. 2.2,

L sround run was then carried out and the pressures et the two wall statics
and three stetic heads were recorded. The pressures at the single pitot and
the remeining rake total head tubes were 2lso measured,

4.4 Results of Phase 3 tests

Loh.1 Ground installed static oressure inecsurenents, The static
pressures measured at the centre of the final nozzle by the long tube and the
rake centre static are shown in Fi=.10. The correction factor for the static
head on the rske derived from these results is <iven in #iz,11 which also
ircludes a correction estimated from Ref, 5.

Measurements at the centre static after the flizht prosrarme had bzen
cocmpleted, using a different ensine, are also shown on Fig. 10,

The static pressure distribution across the finnl nozzle on the final
ground run is plotted in Fiz.12. Included in this figure are similar unpublished

measurements made by N,G, T. E,

4.4,2 Flizht stetic pressure reassurements, The corrected static
pressure in the final nozzle expressed es e ratio of the mean dynamic head
is given for the full flight progremme in Fig.13. Wall stetic measurements
made on the test bed are also included The wall readings given are the mean
of two wall statics, which were in reasonably close zgreement

The method of correcting thrust estimated from pitot rake readings due to
departures in finel nozzle static pressure from the conventionally assumed values
is given in Appendix &, In the one dimensionel case, it consists of a factor

Ag which is a function of the finel nozzle static pressure, This factor has
been plotted for 2 range of nozzle exit static pressures » and the results are
ziven in Fizx. 14,

The flizht and »round results were estimated using Fiz.14 and the measured

wall and centre static prﬂssures of Fiz.13 weighted in accordance with the static
pressure distribution of Fiz.12, Tne resulting corrections are shown in Fiz,15.
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4,5 Discussion of Phase 3 tests

4,5.1 Calibration of central static. The accuracy of the calibration
of the oentral static on the rake depends on whether vibration of the static
tubes oould be affecting the static pressurc readings and on whether the
presence of ecither the long tube cr the pitot static rake affects the final
nozzle static pressure,

Concernirg the cffects of vibration, the static pressures using the long
tube as a source appcar consistent, The tube remained steady over the engine
speed range except for a period between 12,000 ard 13,000 r,pem., when 2
lateral vibration of about & an inch dcveloped, The pressure recorded did
not appear to be in any way affected by this vibration and rcemained cormsistent,

The rake blockage effccts werk found ‘o be very smz2ll in the Phase 2 tests,
while the central tube blockage will be smaller still, so with the relatively
smell rate of change of Pg with N//B; (Fig. 10) or He/p, (Fig.13) calibration
errors due to blookagc can be considered unimportant for the sccuracy required
in the present tests,

The correction factor for the static head (Fig.i!) unfortunatcly does not
extend to very high values of local Mach mmber, or Hs/Pr, although the maximum

ossible r,p.m, was used on the ground runs, This is dué to the fact that when
Po approaches the choxdng valuc, the high static pressure at the centre of the
Jjet means that the Mach mumber there is still low, Over the range of tests the
correction faotor agrezs to 1% of the dynamic head with the factors for similar
stetic tubes described in Ref, 5. (See Pig, 11).

4,5.2 Discussion of flight and ground measured static preasures.
The results plotted in Fig, 13 show that the centre static pressures are
remarkably high, rarticularly in flight, and to a less extent in static ground
tests, The wall static pressures agrec closely with conventional theoretical
values above the choke, but are naterally influcnced more by changes in flight
conditions when below the choke, It will be noted that there are apprecizble
changes between static pressures in flight and on the ground below the choke.

Another result of importance to this report is that the central statics
measured on two different engines and shown plotted in Fig,10 are in very closc
agrecment which confimms the vicw frem general considerations that engine to
engine final nozzle static pressurcs at given pressurce ratios would be expected
to agree substantially,

The static pressure distribution acress the final nozzle measured on the
ground runs is fairly independent of jet Mach mv .=r, and agrces reasonably
with the N,G.T.E, unpublished results, also shc. : :n Pig,12, These latter
measurcments werc made with an N,P,L, pitot static hezd in a Derwent 5 flight
final nozzle under test bed conditions, The values very near the well are
likely to be incorwect due to interference and have not been shomm.

The additionali ‘¢ tubes not at the Jet centrec may have been affected
by any swirl present in the jet flow, No information as to the likely magnitudc
of this swirl has been obtained, but it seems unlikely that it would be greater
than 2 or 3° whioh would have a small effect on the statio readings,

ko543 Corrcotions tg Phase 1 rake thrusts. The required gorrections
to the thrusts derived fram reke total pressure measurements assuming the
theoretical statio pressures in the final nozzle are given in Fig, 15.

The corrcotion increases with flight Mach number and decreases with
inorease in total pressure, Thus at maxirmm level specds the correction is
small, about 3% in gross thrust.

At cruising conditions the correction is larger, of the order of 2%, and
at conditions such as would be encountered in a decclerated level, amounts to
about 6%,
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5. Consideration of comtined tests

The individuel results of Phase 1, 2 and 3 tests have been considered in
detail in paragraphs 2, 3 and 4. Tc compare thrusts under flizht conditions
estimated from single pitet with fully corrected thrusts estimated from pitot
static rake measurements, the results of Phase 1, 2 3 must however be
considered in coniunction. It is therefcre proposed/Summiriise +the individual
results which will be used, outline trhe mcthod of combining results, eand
finally to present =nd discuss the results 3f the combined tests,

PR

5.1 Swmary of individusl results

5.1.1 Phase 1 tests. Measurement in flipht and cn the ground of
single pitot and pitot rake tctzl pressures on Derwent 5,
No.kOLH5 in Metcor & RA,L20. The tests covered a range of
conditions as wide as possible; whizh 2re summarised in Teble 4 on page 8.

oty

sinzle pitot total pressure
rean rake total pressure ’
whieh may be consicered as the single pitot "sampling factor" of the jet final
nozzle total pressure, and established that its magnitude has small but
signifieant changes at given engine conditions between ground and flight

tests end between flizht tests at high 2nd lew 2ltitudes which would affect
the single pitot method of estimating flight thrusts. (Fig.6). The tests
also demonstrated

Tnese tests measured the retio Hy/fz =

g rv——mrs i

(1) That any trougzhs in the final nczzle total head distribution due to
strut wakes did not have any serious effects, as the mean total pressures at
three rake positions were in zcod agreement zFig.5).

( (?) No significent engine ceterioraticn occurred during Phese 1 tests
Fig.5).

(3) The air intake efficiency in flight at a given Mach number (or re’
ratio) was not apprecisbly affected by altitude cr sideslip effects, /™i-

(&) The scatter in M/ Hg of single observations is of the order . +1%
. except in flight at high altitudes when it increases to +2 to 3%
(See Appendix 3),

5.4.2 Phase 2 tests, Measurements made at the regquest of A.& A.B.E. by
Rolls Royce on a test bed to compere thrust mcasured by belence,
and estimated from pitot comb, The engine was Derwent 5
No, 3381 which was fitted with the same final nozzle as was used in the Phase 1
tests,

These tests demonstrated that the drag of the rake was cof the order expected
and thet due to the presence of thc rake the engine thrust wes increased by %5
or only just significantly, (Fig.8 and 9). The main result was that the thrust
estimated directly from pitot rake readings assuming jet exit static pressure
equel to atmospheric was 3%% higher then the test bed balance thrust.

5.1.3 Phase 3 tests, Heasurements of static preasure at the jet final
nozgle exit on the ground and in flight, The measurenents irere
made on Derwent 8 No,4905 fitted with the samec final nozzle 23 wes used in
Phage 1 and 2 tests, and was installed in Meteor L RA,L38, These tests
included a calibration of static tube fitted to the rake 2t the jet centre,
flight and ground measurements of well and centre static »ressures and measure-
nentson the grourd, of the static pressure distribution across the jet exit.

o S TR
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The main results were:-

(1) The measured calibration cf the central static wes satisfectory and
agreed to 1% of the Jymemic heed with other nublished work. (Figs.10 ard 11 and
Ref,10}. Extrepolationto higher final nozzle Mach numbers obtained in flight
was necsssery.
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(2) Static cressures in flight and on the growsd differed merkedly from
atmospheric when the jet was not choked, the centre static being 3% of the
dynaniic head above ambient atmospheric in scime cases. Above the choke wall
statics agreed with the theoretical choked values but the centre statics were
agein apprecisbly higher, (Fig.13).

(3) The meesured static pressure distribution across the jet uxit was
not markedly affected by jet pressure ratio and agreed with some other
unpiblished measurements by N.G.T.E. (Fig.12).

These results showed that a piteot reke is inadequate to give an absolute
meesure of thrust and must be becked by static measurements, Corrections for
measured static pressure to thrust estimeted direct from pitot readings only
(see Appendix 1) arc given in Fig, 14, The results slso showed a change of
statdc pressure between static and flight conditions which would affect the
gingle pitot method of estimating thrust.

5,2 Method of cambining results to obtain fully corrected thrusts for
pitot atatic rake, Tt is now clear that to obtain fully correctec

thrust directly by the mamentum method it is necessary to make measurements with
a pitot static rake. In fact, the pitot reke readings were obtained on one
engine and the static measurements were made on another nominally identical
engine with the same finel nozzle, and thrusts from the pitct rake results
obtained can only be corrected for static pressnwre cn the assumption trat
variations in the magnitude and distribution of static pressure between
neninally identical engines is insignificant, Ground static pressure
measurements 2t the jet centre on twc enzines shown in Fig.10 are in very
close agreement, while equally close agreement has been obtained on wall
statics measured on zrcund tests on twe other engines, Hence, bearing in
mind that aobpreciable chenges of static pressure are required to affect the
thrust significantly™ the sbove assumption is considered justified at any
rate for the particular instellestion.

Furtner, the static pressure distributicn was measured on the zround, so
it is necessary to agsume that the distribution is similer in flight. Since
wall and centre velues are aveilable in flight the errcr introduced on this
account must be very small indeed.

With these assumptions on stati~ pressure, ccrrections to be applied to the
pitot reke measurements tc give fully ccrrected reke thrust have been estimated
fram the flight stetic pressure measurements by the metnod of fzpendix 2 and are
shown in Fig,15.

Ls stated in raragraph 5,1.2, thrusts estimated directly from pitot rakc
readings agsuming exit static pressures equsl to atmospheric were 3% hizner than
test bed balance thrusts reasured simultaneously. Only wall static meagurenents
were rade on the test bed, but these are of the same order as well statics on
ground tests (sce F1<.13) dnder the latter conditicns the stetic pressure
corrcecetion would reduce the }—*- discrepancy to . Whether this 2% discrepancy
is the sum of variousz crrors in thc izeasurements including windage in the test
bed, or is 2due to sonme more fundamental difference, has not been established,

The assumption has been mede in presenting thrusts calculated from caubined
pitot static readings that they are basn.cally correct, and no 2% reduction
has been applied. Such thrusts will be nominated Xp.

5.3 Thrusts estimated fron combined resulius, Velues of Xp estimated on
the basis of peragraph 5,2 are included in Tables 2 = 5, and have been used to
estimate single pitot effective arees Ap',

/(2efined..

g=p = 0-10 gives 2 chenge of thrust at i/ Fg

and 47 chanze of thrust at H/P
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(defined by Ap' = thrust per unit erea ygiven by singlc pitot ~  Xgp

which are plotted in Fig.16 ageinst }75/130 and in Fig.17 egaeinst N/ /61 .
The test bed calibration for this singlc pitct-jet pipe combiraticn is
reproduced frem Fig,3 for comperiscn with these results, It is usual
practice in usinz a single pitct in conjunction with 2 test bed colibration
to assume the effective area to remain constant above the highest pressure
ratios reached on the test bed., This extrapolation is shown on Fiz. 16,
Values cf the effective area at high total -ressures for a Derwent 5 engine
derived fraa measurements made in the Munich zltitude test chamber, Ref.6,
are included in this fizure.

It may be ncoted thet 35 change in £¢! between calibration and test
condition by definition equels % error in thrust by the single pitct method,

The ceonventiocnal nen=dimensional relaticnship for jet thrust is that

R _ ¢ N . N
= = (== ,"MH, M or o i,
B /e Vo
of Reynolds nurber and combustion efficiency with a2ltitude. Toc check this
relationship measurements cf Xp made et ¥ = O, 62 at 5,000 and 35,000 ©t, hov.
been plotted against N/_/a in Fig.18. Tt has been demcnstrated in narso.
2.5.5. that Mj is independent of altitude at fixed M sc that Xg/P, for the “vc
heights can be campared directly. Values of Xgp/Fo are alsc pletted in Fi~. 18,

2.
1-3.‘1_ }  whick however neglects chan-.s
)

In Fig.19, meesurements of Xp made at 5,00C and 35,00C fcet, rut at sev.ral
Mach nuabers, are plotted in the form

XRr 4
Pt
-Af—RPL— » eagainst ¥/ /€, in which forn they are thecreticclly
N

independent of rem retio above the choke, The derivaticn of this parameter is
explained in Appendix 4.,  Also plotted in this fizure are the tcst bed (balwnce)
thrusts, calculeted taking Ryy = 1.0, and the non dimensicnel performarce gr-phs
for the Derwert 5 cnzine tsken from the Rolls Royce brechure (Ref.1C).

The experimental error in the measurement cf ¥Xp ond Xgo is discussed in
Lppendix 3.

5.4 Discussion of combined results

5.4.,1 Errors in fliznt thrust cstimated frcm single pitot with = test
bed calibration. All sinzle pitot effective aress in the zround

rur. and flight cases in #ig. 10 are lower than the test bed effective areas {except
at very low total pressure ratics of about 1,2), This shows that if the test
ved effective aren is used under these conditions the thrust would e over=
estimated, In general there awpears to be » stcaly risc in the actual effective
sreas under flizht conditions between total aressure retics of 1.7 =nd 2.6, the
highest value reached cn the tests. This risc brings the actual effective creas
into better agreement with the extrapoleted test ted values at the highest totzl
sressures reacned at 35,000 feet.

In general there appears to be little Mach No. effect in the values of Ap’
et the same altitude,

At 2 ¥ach number of 0,39 at 5,000 feet there is aoproxirmate sgreement between
thne test bed and flight values over the ranze of total pressures covered in the
tests and there is little difference between the effective arcas at this Mach
nunber and the results 2% a Mech nwiter of 0.62 =2t 5,00C feet, whers they can be
caapared over a common range of H5/Po. At this hizher Mach number the difference
between test bed and flignt values increases tg LE at H5/P, of 1.6, and then
decreases 2t higner H5/P,, being about 2% at Hg/T, of 1,75,

3
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At a Mach number of 0.(2 at 75,000 feet the error involved in the use of the
test bed effective areas is laryest and is of the order of 5§ - & et Hg/P, values
between 1.5 end 1,7, Again the: steady incresse of effective ares with increasing
tstal pressure brings flight velues into closer egreement with the extrapcleted
.test bed curve. The differeicz is small et Hg/Po vaiues of 2,5, The values of
effective area st 2 Mach number of 6,72 at 35,000 feet are in general agreement
with those at M = 0,62, The Qifference between the Tlight values and the
extrapoleted test bed curve de:reasing from 4 to & awproximately over the
Hs/P_ range of 1.9 to 2.5, ,

Yeasurements made in the instslled ground case show that the sinzle pitot
effective area under these conditicns is in aporexim~te agreement with the test
bed calibration ot velues of tc*al pressure cf 1.2, but that as Hg/Pp is incressed
a discrepancy, emcunting te %% at Hg/P, = 1.3 and 57 at Hg/Po = 1,55, is encountered,
This difference between the ground installed calibraticn of the single pitot using
2 pitot static rake and the test bed thrustmeter calibretion is dealt with below
when the implicaticns ¢f using such a rake calibration for flight measurenents ere
discussed.,

The 2% difference between test ved balance and reke thrust messurements, would,
if amnliceble in tre ground installed and fliznt cases, increase the percentage
differencea detailed abecve by 25,

_ The individual contribution tc the error in single pitot thrust of cranges in
Hh/HS and changes in static pressure between calibraticn and test conditicins can
be examined in Figs,6 and 15. _ Above the choke the iarger nart of the error is
contributed by changes in Hy,/ Hs. At lower pressure ratios it is more difficult
to gereralise but bhoth effects zre agpreciable. -

5. 4.2 Errors in flicht thrust estimated fror. sinzle pitot used in
cenjunction with around installed calibration azainst rake
thrust XR,  Azein referring tc Fiz. 1%, the errors in thrust

measured in flight by the single pitot method used in conjunction with a
ground instelled calibration ageinst reke thrust Xp will in general be less
than those involved when the test bed calibration is used, This is
fortuitous, and is ascounted for by the fact that under ground installed

condi ticns the singls pitot samples a tctel pressure cerresponding more closely

" with those sampled in flight than on the test bed. (Fig.€).

Over tne total mressure range ccvered cn the grcund run, agreement between
the single pitot zround calibration and the flight values is within 1 or 2 per cent,

If the ground calibration is extragolated above the hizhest pregsure ratios
obtained assuming Ae' to remein constant, the single pitot thrusts would be
sensibly correct at 2 pressure ratio of 1.6. With increasing pressure ratios
the single pitot thrust would become progressively low, end would be about 3%
low at Hg/P, = 2.5.

In this case the &} difference between test bed balance ard reake thrust
neagurerents, if avnlicable equally to ground end flight conditions, would rct
alter the figures quoted above,

5.4.3 Choice of abscissa for plot of Ap! The single pitot_effective
area Ap' calculated on roke or test bed thrust can bg plotted against Hg/P, or
N/ /8y . It hes been usually considered that Hg/P; is the more logical paraiter,
This is confirmed in Pigs.16 end 17, where the spread of Ap' at any engine ceniition

~specified by H5/P° is less than the spread at a condition similerly specified Ty

¥/ /8. It is therefore not proposed tc discuss Fig.,17.

5.4.4 Check cn non-dimensionel thrust relaticnghip, Execinstion of
Fig.18 shows that =t lower r,p.m. there is good azrecament between the rake thrust
values Xg/P, et 5,000 and 35,00C feet, but with increasing r.p.m. the higher
altitude thrusts fall prosressively below these for 5,00C feet, The fall cf?
in gross thrust at 35,000 fect ceompared with thet which weuld te »redicted from
the 5,000 fect results according to the non dimensionzl theory amounts to 7. ~t
the mexizam 7.p.E., reeched in the tests, :

/The single,.
* 0Or H,/?,
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" The single p:.tot thrust Xc.p/P calculated usinz the test bed effeotive =2rea
elgo demonstrates this effect, but less clearly, since the effective areas used
are in error .and mask the effect

l-"ig.19 which includes additicnzl results et M = ,39 and ,72 agein demonstrates
the fall in non-dimensional thrust with altitude, Comparing measured and
brochure figures, shows that the brochure figures tend tc be optimistic at hi:h
altitude end pessinmistic at low altitude., The engine test bed thrists are in
good agree::ent_ with the curve at & ram ratio of 1.0,

- This fell off of Xg/P, at high altitude which is ascribed to chenges in
Réynolds number or combustlon efflc:l.ency has been prev:.ously noted in Refs.7
and 8,

6, Conclusions

The tests nave demonstrated that the essumptlons inherent in the single
pitot mgthod of estimeting gross thrust based on a calibration of the engine on
a test bed ere not quite accurate. Thus chenges in total pressure distribution
between test bed and flight conditions result in single pitot sarpling errors of
up tc 3 in total head, equivalent tc scrie 5% in-thrust, /Again chanzes in the
magnitude of the stat:l.c oressure at the jet exit between test bed and flicsht
eonditions are quite large, and wculd result in thrust changes of u»n to %,
These two effects cre additive but were measured on different engines, There are,
however, good grounds tc conclude that the single pitot methcd besed on e test bed
calibration eould give a thrust error of up to 6%  Comparative measurements on
a test bed showed the thrust from pitot static rake readings to be 2% higher than
thrust neesured by the test bed balanoce, Further investigation would be needed
to determine the cause cf this Ciscreparcy, but the implication is that total
gingle pitot errors quoted sbove may be increased by the ‘order of 2%, /L further
assumption of the single pitot method, that above the hishest final nozzle pressure
ratio reacned on the test bed the single pitot effective area remains constant, is
also not quite zocurate; in faot it increases slcwly,

Frcm the abcve cenclusions it follows that to make absolute neasurements of

" thrust by the momentum method, it will bé necessary to usc 2 vitct static rake.

Suclhi meagurements of totel and static pressure on a Derwent 5 in a Msteor 4 oa-
the ground gave a calibraticn cf the single pitot at least as good, if not better,
than the test bed oahbrat.‘.on.

Using the pitct static rake as an esbsolute measure of thrust, it has been
possible to cheak the effect of altitude or the senerally 2gcepted non-dimiensional
rolationship for the thrust cf jet engines, and the conclusion reached is that
there is a fall off in non-d1mens:.onal thrust at 35,000 f't, compared with 5,000 ft,
of the order »f i

Other deteiled conclusions ere:=

(1) Differential pressure gauges of differers ranzes for high and low -
altitude preasure "leasurem:.nts are needed to cbtain good accuracy at high
altituds,

(2) in adequste calibration of static tuoes can be estimeted from the
literature if care is taken.

(3) The development of an integrating reke would be advantazeous for use
if further rlight rake measurements are to be made,

7. Further developnents

It is suggested that to confirm the findinzs of the present report, and to
provide inforwation on other engine types, test bed, ground and flicht tests with
a pitot static rake fitted should be made on another engine type, preferably with
an axial compressor, The use of an integrating rake should be investigated,
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List of symbols

X Groas thrust
Xp Engine gross thrust measured on test bed balanoe
X3! Ground or flight gross thrust derived from pitot rake totel pmssure
neasurements, oorrected far boundary layer and using hot area of
' "final nogzzle
Xg - Xg' corrested to nominal Vi/ /P
Xp Xg corrected for static preasure in finel nozzle

Xep Ground or flight gross thrust messured by standard jet pipe sinz zle 3oL,
using test bed effeqtive area correction based on Hy/F,, corrected i~

 nominal v/ /P,

XGp Thrust per unit area besed on s:.ngle pltot total pressure

x'  Momentum thrust per unit area - at actuel Vy/ /P

x  Momentum thrust per unit area = corrected to nominal Vl/ \/Po

P . Static pressure:

P'  Stetic pressure measured by rake static head before correction
P, ~Ratio of stetic pressure to selected standard = Po/14.7
4 Total pressure at agtual Vi/ /P,
H " Total pressure correoted tg nominel vi/ /T,

Mean total pressure across final nozzle area (hot), meaned from rake
measurenents on a momentum basis

=+

Temperature °C
4 Temperature °K
1 Total temperature at engjne intake = '1‘0 + vz/ 2Kp
.. @ Retio of T to selected standard = T/283
i@g  Retio of Ty to selegted standard's T¢/288
Ep. Speeif‘ic heat at conatant presaure
¥ Gos flow, 1b/seo. '
Density
Y Ratio of specifie heats Xp/Kv = 4/3 for jet geses
J ¥echenical equivalent of heat
R Gas constant
N Engine r,p.m,
A  -Final nosszle erea - cold
Ag! Effeotive finnl nozzle erea foxr sinzle pitot .
Thrust by reke:or test bed balance Xr Xp

Thrust per uni erea given by single pitol ® Xgp
Hy - P '

) iTT Meen total pressure across final nozzle area (hot) besed on weizhed thrust
t
T

h i
Yi: Inteke efficiency’ =

Ron Ram retio Py /P
Peq = Pt
Rake statioc correction festor = M
a - Hs - P%|
Preasgure height, feet

Bquivalent air apeed, knots
True airspecd, ft/sec.

SF P

Subseripts
Refers to free stream conditions
1 Refers to conditions in nacelle at entry to compressor
4 Refers to conditions in jct pipe at standard sinzle pitot position
5 Refars to conditions at final nozzle
c Refers to centre of finel nozzle
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 hppendix 1
' Theory, of tb.mgt estimatipn"ﬁ'om monentum measurement

1. The tnrust of a jet engine is. norma.lly defined &8 the change in momenttnn
of the internal flow. Thé plenes before and behind the engine between which
the momentum change is measured must then properly be taken as those where the
static pressure of the internal flow 1is equal +0 the ambient” static pressure

. ’
Ry L
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e [ :
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. \ P i
‘I‘he nett thrust is then )
oo w- - v - . [ - - .: Lo
Xy - - Yoo M6 . _ c ()

g ' Tz S '

where M is the internal engine mass f‘law, the plane 0 is at infinity and 7
is the flight speed, and the plane € is such that Pg = Pg..

( ) For a superscnio Jjet,plane 6 may be taken at the throat (Ref.ln-) and
1) baeoomes , )

B v v - e . . . - o ': S
XN = - M + M—'6—6- + (P6 - PQ) ILG l.ltll‘:‘.l("a)
) g g L
ST . He - . ,g'. ’
Hwhe;jf. P67 = T S
. !‘\ 5 ‘ { :

2, In the stat:.o ‘case Vs O a.nd the nett thrust is equal to t'qe gross ..}uust,
X = .
MG ‘+ (P6 - ) As ’ 7-”.;;.0-...:(2)

|.
where the pressure tern is zero 'belaw the choke.

This-is the thrust which is measured on t‘xe test bed, subject to minor )
“effeats of windage over the engine exterior from md.uced flow which should be

‘niegligible in a prcperly des:l.gned test bed, ) - -

If it 48  assumed that the static pressure in f;he p ane of the final '

nogele, Pg, is:equal to P, below the choke and to H5 (1 } .

sbove the choke, tae phne 6 is then at the final nozzle, 5, and

x. = Eigs' (P5 - PO) A5 . ) . 7 --‘---‘0\-:--'(5)”.

the pressure term beJ.ng zero below.the choke,

This may be shown to :;ive (as in ref 3) e e

1 _ . .
i ' > S Vo : -
,x © o= _2J—KB _i { :5 - _2 _1, .1.'...‘.,.;'.(4)
A fre whioh -f’— is obta:.nea as a f'unotion of gfi - oﬁly. uaing the .aséqined values ¥
> o . >, vhe esgyl ‘
S o D .

ii i - U i
of P5. . R . " .
_ If the d..stribut:l.on of l'l5 is non-u.nifom over the finel nozzle ]lg—- may -be.
: )
obtained by 1ntegratln.g {4)" over the nozzle .area,

/3.

Lok

-



: ) ro2, : T

T 3. G-enerally, however, - P is f‘ound to have higher values than those
assumed. The effect of .¢ 11 be for the jet stream to contract further
from 5 to 6 where the assmned pressure is reached and there 'will be a vena
contracta at 6. .

" fThe thrust which will be measured on the thmstmeter is given by equation
. (2) and this will differ slizhtly from that derived fram equation (3) by an
amount erising fran the pressure at the jet stream 'botmdary between 5 and 6,
6

,' M .- . o
Thus -ii + - ( 5 Po) :'J.I-bj = M{'; + (l‘é - Po) r.6 + __'5 Pd«ﬁ- f.. '0(5)
‘The termm ! PaA will be associated with an. equal'externsal drag at the
rear cf the engine, . o ’ L . £ 7
In flight it is not prestical to make measurements in plane 6 as downstreem

of thc Jet exit the imternal and external flows mix end it will not be possible
teo measure the momentum of the mternal flow.

The zross’ ‘HnrustXRmay however be derived from & pitot-static traverse in
the fnal nogzle on the assumption of isentronic expansion with no mixing :
losses between 5 and € end this is the basis of estimation of ‘gross thrusts
ca.lm.tlabed fram pitot static measurements used in the present report,

Ir haa been derived by firat obtaining Xg as the thrust value’ 51ven by
equation (l,.) with the usial sssumptions as to static pressure, This is

equivalent to obtaining
X = -

since the total end static pressures used are really .those corresponding te,
plase 6 (Hg = Hg).

The true 5"0.-35 thrust is, from (2) in this Appendix

x = M6 s (P6 -Po) }'.6 . ’ -..-.---..(7)
So that _ ' ) |
XB . 4 . : sesecsesaa(B)

xG A5

- The area ratio, which- is applied es o correction to Xe, is easily
obtainablse ﬁ'om cons:n.demticn of- isentropic expension from cohdltlons H5 s

P5 to Hs, Pg, -
The expressions obtained are

. 3
Belaw the choke 1. ‘;2 “‘-,—1 ‘ o T AT
P - || 1 - : ’ .
(P6 =P )' _ = ,/'62;(' g ] 2, 5-11 "':'.'"""'(9), )
, 5 N 9’ i1 - 1.']_ { : !
. 1 1116 4,
Above the\choke L o
| .Ps=7§2? v L=s“'—-§‘1>{'-1:‘f—}2%? RS T TA I» . (10)
] B A B 5 j‘; ) -_‘ . ‘ - ’.' \ -f - FE 4' 1
PG & R A PR Rt A

.-+ - /Tnis applies

+ (Ps"Pa)‘-5 o o .....'.'....(s)'
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This applies to one dimensional flow.  In the vresent tests the static
pressure ecross the finel hozzle exit is nct u.nif‘orm, 80 an equlvnlent mean
static’ has been estimeted, weizhted forereh, . The error involved in weighting
static pregsure for erea rether then :i.ni'.egratn.nT over the aree of the jet is
neglisible since the total coarrection is of the order of‘ a few per cent of
thrust. - ,' '

. 1 .

: 5. Gons:.dar now the s:mgle pitot method of thmst msasurement in the h.ght

*. ¥ the above d;scus..lon.. it :

5. U51n'7 thJ.s 'nethoq. e p:l.tot tube is Titted in the jet pipe upstream

‘of-the final nozzle and a calibration run cn ¢ test bed mede in which: this
pito% valuye, Hh- , and the stotic thrust, XT, are measured over the r,p.m. rengze,

: !

" The relatlon of - )1: v -13-‘!’- so obtained then oro‘.rides a cal.,brat:.on for the
[+) [e]

unccwled static case -f gross thru«t aga:.nst gingle pitot reedina, CT -

To apply this callbration to t‘y installed flizht case en 'effective -area
Ag' 18 derived os a functlon of “ Hy by :|.nsert:|.n5 H), = Hs ard the measured

P
value “of XT in equation (&) and assumng the clase:.cal theory ve.lues of Pg, -
8o obtaining Ap' as the resulting value of Ag,

- This ef‘fective area I.f s which may differ from the final nozzle srea by -
up to the order of 10%, is regarded 2s a calibration of the single pitot which
takes into scoount the discharge coefﬁclent of the nozzle and any position -
errar etc, of the tube

In using it for ‘the flight case it is therefore:assumed thet such factors
are unchan.-red Further, since much higha' values of Hla/Po are obtainzble in
flight at hi,v,h altitude than on the zround calibration run the curve of .

Let v I%ﬁ: must be extrapolated and this is done on the assumptlon thet Ag!

<] H .
is constant above the criticel value of F’b = 3l )ﬁ after which
[s] -
sonic condi tions ootain at the nozzle; this value is usually Jjust reached
on- the test bed run.

5.2 Brrors in the déﬁved thrust mey thus arise. fram the féllom'.ng ceuses,

(1}, A ch e relation between sincle pitot reading H, and méen
final nozzle tot g? ; 5 due td the different inteke conditions resultinz
from installation in the aircreft and to Reynolds number effects. - These

effects mey cause differences between therround installed and flight cases.

“ (2) A change in the exit static vressure, i.e. in the relation -
P5/P v H,/P, between the test bed and flizht cases; this would correspond
to a different contractidn ratio 1.6/}. behind the nozzle. It would be

expected that with increasing flirht speed (or Vo/Vs5) the external flow would
cause an increasing contraction and hence e hizher static pressure than thet
on the test bed,which is essumed to still e.pply in the applicatlon of - the
single pitot calibretion. i .

(3) If (as has been found for the Derwent 5) the-totel and static
pressures are non-uniform in the f:mal nozzle, the nozzle flow does not becoms
. uniformly sonic at H ;&T . )

- : -l-t=~/-' ) = 1.85 ; : .
: P, '-._ 2 R : ) B :
in this partlcular cose the cr:.tlcal pressure ratio was not reached at the
centre of the nozzle until Hy /Py v 2.4, The flow distribution thus does not
remain uniform sbove the orifical value of H,/P, end the effective area for -
the single pitot cannot be sssumed to remain constent in this region,

2 Tt has sametimes in the nast boen the prectice to resord Ap! as a ﬂun‘-t.l.on of
N/ /613 H/P, is however now rerarded 2s the more relevent parameter and
this is supported by Fizas. 16 and 17.

—— {1
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) . _ Appendix 2 -
 Method pf deriving thrust from pitot static rske messurements

1, Calculation of rake thrust, Xa

It is shown in Append.u: 1 that

- . . -‘ -:';77 ) ...;..o--. ‘-l'\ o

*r = xG A5 ' L - ' ( .
P .oz .

The factor E;' ia obtained fran the stat:.c prassure in the ﬁnaJ. nozzle i

. a8 in paragraph of th:x.s !.ppendlx.

Fram Appendix 1-_-, :

s ‘7 o ‘.,' l..'. s e “ L

Xg e Ty T ,,
A_s - XG - Tj:Pa !T.‘i P5> . -1 |' + (Ps - PO) - .o a‘o’o . Ql.ll (2) :
", = . '\‘ B ) ’ .;l -
wherle Pg = P, or _IEL_ .4 whichever is the greater, -
‘f.., s 1, t‘,_- - - '\
"','2_, L FO )
Then taldr\_., § = l../} : A
-x-G- = lrll—ii ] . S .1;7;- ;ooounoooo(j)
Po P : ,‘ ‘ - ) — - T .
below the critical value of = = t.85
. B - o -
;ﬁ =..1,259 1—,2 -1 - e (8)
] R .

ebove this value,

Fran equations (J)a.nd (&) ebove a plot can be mede of ’lg._ against 1_12

¢ o Py -
_ % Herce for each pltot velue of }15/P° the thrust per unit areas x/P can be
obta:med. from the plot )

i Then, cmmder% a pitot et radius r the velue of th;““ for the
o

annulus width 4 r at that rad:n.us » assuming uniform clrmmferential
distribution, w:|.11 be

an r.&r X . . N R ""';'x::_v

o]

aqd over the \y?llole erea of the final nozzle

vz F X, T, ar | .
PO,_. PO _)9 ot - : ’ -

f- Tﬁe integral P X, r, 4T can be convemently obtained by a granha.cal
‘0

. ,method each product being plotted at, the corre5pond:mg radius, The boun_dary

le.yer is et this stage neglected, and & correction made later, The area ,

under the resul ting cuxve is the requlred inteo'ral.

2. Correction to thrust for boundary layer in finel nozzle

i: mch) was oota:.ned over e rangé of r.p.n. dunnrr 2 ground run,

I 7 N 'l i - / Thev ]

‘The total head at three. ‘DOSlthnB close to the final nozzle wall (1/16 3/16,



2. ':i
S Tha cozrespondim Values of x.T hmre been plotted in severnl of the -
3raphica1 integrations and the moan value, for the loss in thrust due to the
boundary leyer found, This is eq\nvelent to n decrease in Tinal nozzle area
of 1, 9% This correctior. hes been made to all rake results,

-3 Gorrection for expansion of f:i.nal nozsle

It has been assumed that the increase in-area of .. the f‘msl nozzle due to -
expension was 1,37,  This figure is based on a final nozzle temperature of 500°C,
coefficient of expanslon 13 x 10-6 £4/£4/°C, This will be the approximate -

. temperature at maximun r,p.m, The error &t other speeds will be very small,

(This is the velue used by Messrs._Ro]_ls Royoe in similsr work = 1ie..9,

4y . Gon'ect:l.on of‘ thrustto nonu.nal V:.//

The varietion of.sircraft speed fron the nominel value was not"ne'ghvible

- in sane of the tests, especially at the higher altitudes, and & correction hes

-been derived using inforretion from-the Rells Royoe Dezwent 5 brochure (Ref. w)

The thrust over e renge of N/, /01 was established from the fon’ d.mens.uon.,l
thrust curve for the verious nominel test conditions and at e.:.rspeeds above and
below the nominal test conditions,

- The varistion of thrust with speed was then assumed to be linee.r over the:
small intervals considered, and the differential V A X cealculated.
‘X v

Bach flight thrust measurement has been corrected to the nominal test
airspeed usins; this informeticon, The largest correction involved wes 2. Te
of. thrust, but the mean correction was 0, %%,

Sinzle pitot thrust values have also been corrected in this way, and the
corrected total head corre5pond.1nc to this corrected thrust is tabulated and
used in this report.

5. Static pressure correction

. g ~ of this Avpgy
This is applied as the factor I- in equation (1}, T~ is derived as
5 -5
a function of -L- and -2 in npnenda.x 1 e.nd plotted in Pz, 4,

O

In deriving this parameter the stetic pressure in the final nozegle is
taken to be unifom and in applyingz it for the easured static pressures an
equivalent uniform static pressure was first OSotzined =s the meen of the ooserved
diatzibuti.on wed zhted for erea. v

o
e In the fh‘,ht tests stetlc pressures were only measured et the ocentre and
wall of the final nozzle (Fiz. 13)., Intermediate positions were cbtained an
around runs however (Fiz.12) and the required mean for these readily obtainsble,
For the flicht results the static pressure variation across the nozzle wasa

assuned. to be similar and the mean value taken to bear the same relation to

. the centre and wall Values as on.the zround ruas.

The corrections derived in this way, which have been apphed to the rake

-thrust Xg to zive the fully corrected raxe thrust Xp, are shown in Fiz.15 for

" -the ground and flizht conditions at which the tests were ade,

A check has been madc on the accuracy. of ‘taking 2 meari static pressure

_ weighted-for area, This was done by using Fiz. ik4-to correot the value of

_ thrust per unit area derived frou each of the single pltots for the measured.
static pressure at thet radius, and integrating the resultant values across « -
the final nozzleé area, 1he thrust correstion thus derived was in good
agreement with that g,wen by the simpler nethou ‘uUsed, _ o

, i S



" suitable pressure renge could be used at high altitudes, ~ -

f ) '_ oo ,,Agﬁgendixi - - '

' ':"Pogsible sgmeg}: of observed scatter in thrust . ' T ,

7_,,,._ | -_ T . dexived from totel pressure measurements ‘

1. Differentml Eressure @t_xgg - i

The instrument seleated for the. pressuré mee sm:-ements *in these tests was' a
two pointer senaitive differential pressure gauge of range. ~3 to +20 1b/sq.in,

The gauge is te.mperatum ccmpensated and. the auto=obscrver was heated,

the temperature being usua]ly between’ 5 and 15°C. - The instruments used were

“reqaentl,y eali "*rated and ne sudden ol mges -in instra. ant arror :mcou_ntered N
The mean lag® was about O. 03 and the 1 paximum 0,10 lb/sq.in. ' The gauge
could bé read to:a naminal 0,02 1b/sq.in, The acouracy of the gauge would be
erpected 40 be about 0,1 lb/sq.in.

~--The" pransure ranges required -were as-follows:™

Ground run 2.3 =10 lb/sq.in.
5,30 ft. 2,4 = 12 1b/ag.in.
40,000 . 1.5 - 4,3 lb/sq.in. ‘

The error in thrust for a 1% error in dynamic pressure is given in’ Tablc, 9
and is approx :unately 0.9% over the working range of total head values.

Thus for the ground runs and 5,000 ft flights the ingtrument errors should
not cause random scatter of any sigmfica.nce. At higzh altitude however the
meximum error of a single observation could be 6% at the lowest total pressure
decreasing to Zi at the higher values. e T

In any future gsingle pitot/.'-and rake measurements the usec of an accurate )
pressure gauge of a smaller range is recommended for high altitude measurements
in conJunction with e gauge of the type used for use at low altitude.: Scme
autematic switching device might be necess ary to vrctect the low range instrument
. fran high vressures at low altitudes, It is possible that an A,5.1I. with 2

2. Engine apeed indicators

The accuracy of these instruments is quoted as 1% of full range corresponding

" to a possible i3 error at high r.p.m. - Since the cnange™of thrust for one per

cent change in r.p,m, rises to sbout 3%: at hizgh r.p.m., this could introduce a
scatter in the results comparable with that vossible ﬁ‘om the- pressure gauge at

" high altltude .

The actual scetter of the thrust values obtained is-of the order of 85

" throughout the totel head range at 40,000 ft. and zbout 2: at 5,000 ft.
- This latter figure can be ccnsidered se.tlsfaotory when these two possible

sources of error ere consn.dered b.1t the increase in scatter at 40, OOO ft.
then seems excess:we.

3 Other sources of error

Other possible sources of -error in the tests are in the unstead:.ness of
flight conditdons during the period when-.a set of readi.ngs was being taken and

. poasible malﬁmctioning of the seleotor box. o . -

: /.}f‘l K

Defined as difference in recading of a- v:r.brated 1nstrmnent at. th(. sare amli.ed.
differential pressure ca"ﬂbratm,g firat w:.th differential pressire 1ncreasnng

and then deoreasing. .- : . “
: : - [ - . :
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" single pitot, ‘This may be, in part et least, due to malfunctioning of tho
‘malactor, - ~Tals was. g,round cne.xea at mtervgu.a lur savisfactory-operatiof of

3.1 During & set of roadings same varistion in A.S.I., height asd ¥.p.m,

'did in fact ooccur, perticularly at high altitude., - However during the 30 second

reading period each pressurec was reed 3 tires at 10.second intervala ‘and the mean
value was ascribed to the mean flight conditions so that the final error involved
would be-considerably leas than that due tc the overall change, - The ‘biggest
change was in r,p.m. where the mean variation during a set of readings was LO

and the max.mnnn 100., The resulta.nt error should generally be negligible. =

3.2 A f\n-ther source of error in the pitot reke results is ‘the selector
box., It will be-seen fram Fig, 18 that the scetter of the thrust values at
35,000 feet, eatimeted fram the rake,:is rather ‘higher .than those from the

the valves but their sontinued sat:.sf&ctory operation at-high altitude cowld not
be entirely verified, A check was made however on the initial flights by
duplicating the pressure moorded at one reke-pitot as 2" continucus reading on
another gauge and. satlsfacto*'y agreanent mth the selector gauge found,  On = . . .. .

- -géveral occasions’a tube wasd found to be giving grossly ‘inconsistent readings,

the . trouble being located in a faulty valve which was rectified. On such

" “occasions the relevant pressure was obtained by interpolation from the adjacent
- tubea, if the faulty tube was one of those near the centre where pressure errors T
-would contribute little to errors in the integrated thrust value, Otherwise :
e repeat pest was made, o

While some such device ia necessary for these measur;ements in aﬁ eircraft

o where auto=cbserver space is restricted it would be very desirable where possible

1% such tests to have a separate gauge for each tube or, if only meen totel
pressure is required for thrust estimation and not necessarily the actual
distribution, to use an integrating rake recording continuously on a single

géuge (Ref.4 ‘f)
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#Ependix.!h ‘ . _7 ‘ _

Derivetion of the function A: g
«  Ro4

. The ususl non di:e'lsmnpl theqry states that the non dimnsicml ttu'uat
is a functlon only of N and the: Ton ratio %1_ . In order to’ éxipare the - 3
o '..-.
. gross thrust of en eng:fgle neasured in *‘1151‘1t ove"- rhn"e of N at several_ :

. () i
ren rotios Py, to ok iaclc the walddity of. the above e.ssunptioﬁ it is desired :

P
to find ade function of the gross tnrust -hlch is independant of the ran

ratio amd verie¢s only with N .
: Vo1

T This ocan he done ahove the final nczzle choks as follows'

\ \ .+ ' Consider an engine, on a stard, running L.t ar abovo the chck:e there being
T ~.an evenly distributed pressure Pq oorrcspcnding tc the ran pressure around the
intake an:l encine, the engine exhaust:.ng to a pressure Po, -

T‘ien if the choke oocurs at the final nczzle the faroe F masured on the

stand will be"
Pz e v .
T 58 + i (P5 = Bo) = 4e (4 - B,)
o ' * Lssuning zero inteke momentur
. F - ) : .
Therefore Lp P{ - = H_515_ ' 1 +§- i O S € B

Py & 4

it mresswre retios sbove that at which the fin=l nozzle chokes Ps and
M5 V5are directly propartional £9 Py, so that at any particuler N the exprcssion

F_ will be unique for eny 4 and independent of P, 1
ip P1 . !

Now the cross thrust X = Mg vs “f (Pg - By) .
: £

|}

_ o. F = x P1-P° -.'T_x-—- +1 _ ,;
v _Vfaf Pi: - Le Py —m—'— £ By ~ 4, where Roq = P4

. wnoh fron (1) is independent of Ro{ .above the choke ‘ s

Penoe X - 4+ 1 is independent of Py -
ig Po . - T
. : Ro1 - :
: above the choke, end when plotted against N_ the velues of this funotion

' . v ) , )
shouldlie on a unique ocuwrve if the assumptions cf the non~dinensional theary: "
are carrects Below the choke ma.su.n:‘emnts at varlous raa ratios should be on

a series of unique curims.

! X : S
. Lo In practme the f'unotlon is plotted as —— +.1 o  This being a
‘ S . st v . - Isf Po -
oonviont fardi when the.single pitcrt effectivw rrea .’.fj is assuied donstant ebove

tha Qhoke. L B
M o /Thena-o.



. X 3,
. Thén by the noentun theary X

ard we have . -t

e

S ‘ - e
) 1.::'2 e L \_‘- - A
Y BN i

In this case a value of 4p! 2 188 8G, ins, has becn used when plotting -

" this Punotiocn, this dorrespording closely to the velue of the affective area -

of 187 sq.ins. obtained. for the test engine at the choke (Fiz, 3) amd deing
the.value used in the Rolls Royoce brochure in the plot of thias function as

being a typiocal valus of the effective aroa,.
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Teble 6

Lerwont & Rells Royas
Engine No, 4Q45 Turbine Test Uept.
1811449,

Po = 29,59" Hg. Ref: Lov/FG/LH 2/0T

N ~ {H-P (H Y& Xr{ Xr Ap' T By H
V' 4o }¢§a Po 1b. /ff; r %E' Bg Hﬁ

Inohes Thrus ' .
Hg, : Measured : :
10110 5.20 | 1,1758¢ 4L7.52| 985| 67.85| 1,428} 48,05 | 1.178] .998
10610 6.10 [ 1,2061 | 55,11 1135| 78,05 | 1,417} 55.25 | 1,207] .999
11120 7.12 {1.2405] 63,63] 1290| 88,8 1.395] : 62,85 | 1,237 11,004
11620 8.35 | 1.2821 73.60{ 14886 102,2 1,330} 72,35 | 1.277 *.OCA
12130 9.85 | 1.3325] 85.49] 1710{ 117.8 1.3781 83.4 | 1,324 11,007
12630 | 12,08 | 1,408 | 102,64| 1976 [ 136.0 | 1.328]|.96,25 | 1.379 | 1.021
13130 | 14,40 | 1.486 | 119.62] 2267 | 156.0 1.307| 40,4 1,044 | 1,028
13630 | 17.30 | 1,585 | 140,24 ) 2645 | 182,2 1,299 129,0 1,531 | 1,036
14,140 | 20,2¢ | 1,683 [159.69] 29931 2¢C5,9 1,290 145,75 | 1.613 1.aa4
1,63C | 23,65 | 1,800 |181,86] 3421 | 235.8 1.297| 166.9 1.720 | 1,047
14,830 | 25,15 1.8&95 190,9 | 3603 { 248,0 1,3021175,6 | 1,767 [1.Q48
14630 | 23,65 ( 1.800 | 181.86] 3416 ]| 23L.6 1,292 166.0 1,714 | 1,050
14120 | 20,22 1| 1,68L5]159,99| 2995 | 206,0 1,289 145,8 - | i.613 [ 1.045
13630 | 17,51 | 1.592 | 141.58] 2643} 182.0 1.288 128,9 | 1,530 | 1,041
12620 | 12,00 | 1.4055 ]| 102,07} 1971-1 135,8 1,329 96.1 1,378 | 1,020
1212¢ 9,80 | 1.3316| 85.29| 1712 | 117.9 1,381 83.4 1, 324 1.005
11610 8.35 | 1,2821 | 73,60 1493}1102,8 1.395( 72.75 | 1.278 | 1,003
11110 7.05 [ 1.2381| 63,04 1285] 88,45 | 1.401| 62,6 1,237 11,001
10600 6.08 | 1.2055| s4.971 1133| 78,0 1,420) 55,2 1,207 .998
10100 5.15 | 1,1750} 47.05] 983 67.6 1.438| 47.85 {1,177} .998
Repaat.

10080 5.12 | 1.1738| 47,00} 983 67.9 1,443 48,05 | 1,178 |- ,997
14100 7.05 [ 1.2392| 63.,29] 1285] 88,6 1,402 6227 {1,237 11,002
12110 9.75 | 1.3202| 84.93} 17C0| 117.4 1.383f 83.05 | 1,322 [1,007
13110 | 14.28 | 1.4845] 119,30} 2253 | 155,2 1,301 | 109.8 1,042 [ 1,030
14120 | 20.C0 | 1.6785| 158,80} 2981 | 206,06 1,269 | 145.8 1,613 11,042
1,840 | 25,00 | 1.8485( 190,73| 3593 | 248,0 1,301 175.6 | 1.767 {1.Q47
14630 | 23,50 | 1,796 | 181.111 3403 | 235,2 | 1.298] 166,5 .78 | 1,045
13620 § 17,30 | 1.5865] 140.55; 2625| 181.3 1,292 128,3 1,528 11,038
12610 {©11,90 | 1,404 | 101.74| 1963 | 135,7 1,334 96,05 [ 1.378 |1.019°

111600 |  8.11 | 1.2752| 72.02| 1485 102,5 | 1.423] 72.55 | 1.278| .998
10590 6,00 | 1,203 sL.51| 1415] 77.0 1.412] 54,5 1,204 | .999
14710 | 23,95 | 1,8105].183,50| 3468 239.6 1,304 ] 169.6 1,736 | 1,043




270 L0 20 G0t 289 482”1 67102 €05° 1 o¢-le 1es o6t
80 rA] L°C (1" +99 8Lz" L G*26l geg "L 6l e 615¢ oSl
GLTL— S0~ Lo G- €9 TR A ¢°egL [08°1 0t “12 e osTy
- L0~ €= 1668° - W19 192°1L Sl L1 68°ze qeze ety
56— [G&l'o~ | N4 g - FAAY 2921 1°9G1 qlo*t Gz oz GCez 0G6¢ L
fe= | SL°0~ - e b (4 892°1 00 86" 1 0541 1192 0¢6EL
L Al i L°0— €= { g2t~ e €621 L 92 6151 09°GL | Po33Ty g9¢€z oL
AN G*0~ 0"~ 60~ ' 14K (A L°00} G66L "L 002t 3eN Aic]! 06E2L
g°0- | %0~ | 8%~ |§9°0+ 8K 6oL L. | 0"l 962"k 06°g 8l 05
Lo= | ¢%0-| L= 9°0- oohr NI 2°gS Gi22°L 69°9 8811 00L04
| ¢ 4 L £moaey | 3snayl | *q7 ISnTI
Joquny o13e3C TIek sagoul axay paq §8eg,
Bl sogoul od~tha Do S, T | o ) 30314 o
TTes aTzzou adtd 3or | pog 989 m\% vxmm edrg 3or 0y X l&
TeUTJ 3¢ Sanssoxd O13casg uo Jw

g :mo "0¢ JIojswoed oxXeg ON :P27ON ITUrd 39BTId

1g5E JuoaToq 158 1e T/l H1/v/A0T -Jod
STqe, aoTjeaqr ) 20L0y STTOY




TWCI 000 " L) 24a0qe
lo°9 ueo!!

g z+ | 9%+ | L+ { ®O- L9°9 Lol 1T 12 196° 1 §8°ge &N 3R¢ 02151
g2+ | s20% [ 80— 89°6¢ 89 052°1 6202 C16°¢ wel2 0£6¢ 61LLE oghtTL
9°o+ | “0- AR R A o 12°6 949 0s2”L £°e61 K81 L°s2 81Le Heag 0L
GLo* { ‘o~ (A T BT A €6°S %) A (A} Ll 09L"1L g-zz NLEe gg e 00¢Mt
g0+ | G0-} Lleto- | - ge"c 165 9¢2°l L9l b2l 69°12 £ 4 o%o¢ ozt
Lot S0~ G°0= &L 6L°§ 995 otz 9°951 999"t ‘o2 610¢ 6692 8oL
2o~ G0~ | §9°0~ |ecE I~ £€9°9 225 N A zU6gL 086°L Ly Sile N ogMe )
GEo— | G5°C~ | SL0- [G9eTi- L9 ZiLs AT A" 19 09871 891 €092 Sire JIECEL
w0~y G70O- Lo= A A 09 °S agY U A FAN (A BOC "1 TAsY* e olez 0R0S b
G0~ | %o~ Lo= oL G6°9 95 6eetL Lol 8z g2l Lloz (Y 06521
G0~ | *%o- 9°0~ |[SL'O- gL a Cal NOIANN L7113 Lty 6°6 991 [5Gy ohlii
9¢ -0~ | 9270~ G0~ 90~ Gge 80 seCTi | C'e9 gceL 0°L e £9¢1 om0
G0~ | 4¢ o~ %0~ G°C- I8¢ n5e ottt 9°/% Q9L L €S 2901 €201 02101

A T g L T [enayy, ped | SN0ADN FEETHA

T Sl T _ o) sogoul RsSnayl oy | PeT 48°f

“BH SouoUt Od - 163 | _IX 0o cwag, I~ 7T o 7091d , e /
“[Tes 91220U TVUTJ |00} ¥ IX-DX| 2dtd 120 (P [ fd /A 4/ M adtd DX IX 4N
e aanssaad 0T35S pwh.
QMH.H :mO OOM .HOPQEC.HGm -CC Ou—dm nQHNNO.Z @h..ﬁm,.:nwu«m
158742
dd ¢ “HT/Od/A0T “Jod

UGTICAqIToD 20A0Y S 708




Table 9

o
—\
+g

o)

Percentage ohange in |% Chonge in thrust
thrust for 1% ochangs | for 1% ehenge in

in (B ) H
o 5/Po T—T;g'_

o)

e & & » & ¥
NN\ =

[ S Y G NP e R ¥
O0O0O0OO0O0OWm

7.20 .939
5.60 .933
3.90 »900
3.10 . 886
2,25 . 8k
1,82 .809
1.56 . 853

1.4k . 886
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